Introduction
Ulcerative colitis (UC), 1 of the 2 major forms of human inflammatory bowel disease, is marked by superficial ulcerative inflammation limited to the large bowel (1, 2) . Recent work has shown that it is characterized immunologically by the presence of NKT cells that produce IL-13 (3, 4) . Thus, the ulceration and inflammation may be due to injury of epithelial cells caused by IL-13-facilitated NKT cell cytotoxic activity and/or direct effects of IL-13 (5) .
Patients with prolonged UC are subject to the frequent development of colorectal adenocarcinoma (6) (7) (8) . The reasons for this increased cancer occurrence are not fully understood, but there is ample evidence from murine models that the presence of chronic inflammation provides an environment that favors the growth of neoplastic cells (9) (10) (11) (12) (13) . Thus, in recent studies of a murine model of colitis, dextran sodium sulfate-induced colitis (DSS-colitis), it was shown that the inflammation is a necessary antecedent for the induction of colon tumors by a carcinogenic agent, azoxymethane (AOM) (13) (14) (15) (16) (17) . In addition, it was shown that such inflammation supports the development of colon tumors via the production of the cytokine IL-6 (14, 18, 19) .
While studies of the effect of an inflammatory milieu on tumor formation using DSS-colitis have been quite useful, their application to the study of tumor formation in UC is limited by the fact that this model bears little immunologic similarity to UC. A more relevant model would be oxazolone-induced colitis (oxacolitis), since this haptene-induced colitis bears some histologic resemblance to UC and, like the human disease, is associated with the presence of NKT cells that produce IL-13 (3, 20, 21) . However, the oxa-colitis studied so far is ill adapted to investigate tumorigenesis, because the latter is an acute inflammation, and tumor development requires time to evolve. To overcome this problem, we developed a chronic model of oxa-colitis in BALB/c mice, induced by repeated rectal administration of low doses of oxazolone. As shown in the studies described here, the mice subjected to this regimen developed a chronic inflammation that, like UC, is associated with the development of NKT cells and increased IL-13 production and is, in fact, dependent on these factors.
With this model in hand, we conducted studies of the cells in the inflammatory infiltrate accompanying the development of AOMinduced colonic tumors. A major finding was that the appearance of tumors approximately 4-5 weeks after AOM administration (at the time of initial oxazolone treatment) was accompanied by the coappearance of a F4/80 + CD11b high Gr1 low (M2) macrophage subset. Previous studies have shown that such cells arise from "alternative activation" under the influence of Th2 cytokines, and it thus seems likely that they had undergone such activation in the inflamed lamina propria of mice with oxa-colitis as a result of exposure to IL-13 produced by NKT cells (22) (23) (24) (25) (26) (27) . This possibility finds support in the fact that these macrophages are not found in mice with DSS-colitis and AOM-induced tumors that lack IL-13 production. In studies assessing the role of these cells in tumor formation, we found that they were a major source of tumor-supporting factors, such as IL-6 and EGF. In addition, we showed that in myeloid differentiation primary response gene 88-deficient (Myd88 -/-) mice with oxa-colitis that displayed severely curtailed AOM-tumor formation, these cells produced greatly reduced levels of the above tumor-supporting factors. Finally, tumor-supporting factors in BM chimeras with oxa-colitis was greatly reduced following reconstitution with Myd88 -/-hematopoietic cells. Overall, these studies suggest that tumor development in the Th2-like oxa-colitis resembling human UC depends on a macrophage subset that secrets tumor-supporting factors as a result of MyD88 signaling. body weight. The onset of this second weight loss coincided with the time of development of tumor obstruction of the colon and led to death in 15% of the animals.
These differences in clinical course were reflected in histologic studies of tissue. Thus, as shown in Figure 1 , B and C, whereas the inflammation in mice with oxa-colitis with tumor development was not appreciably different from that in mice with oxa-colitis without tumor development, increasing numbers of tumor nodules were detected in the colons of the former group of mice over the initial 7 weeks of disease. In addition, while the number of nodules tended to level off after this period, individual nodules continued to increase in size. The average tumor diameter at day 35 was 2.6 ± 1.1 mm (25 tumors evaluated), and at day 70 it increased to 4.1 ± 1.1 mm (25 tumors evaluated). It should be noted that the tumor nodules were comprised of neoplastic epithelial cells not found in mice with chronic oxa-colitis without tumors. This is illustrated in Figure 1D , which shows that the tumor epithelial cells displayed increased expression and abnormal distribution of β-catenin: whereas low levels of membrane-associated β-catenin were found in normal epithelial cells, high amounts of this component were found in tumor epithelial cells, both membrane-associated as well as in the cytoplasm. This change reflects an activation of the β-catenin pathway that is characteristic of both AOM tumors and human colon adenocarcinomas (15, 33) . As shown in Figure 1E , tumor formations in chronic oxa-colitis were represented by flat, tubular, villous, or tubulovillous adenomas; the flat adenomas contained cells exhibiting mostly low-grade intraepithelial neoplasia (IEN), whereas the other types contained cells exhibiting a more equal distribution of low-grade to high-grade IEN. In addition, when tumor nodules were subjected to observation for longer than 10 weeks after AOM administration, rare foci of invasive carcinoma were noted.
Cytokine expression during the course of oxa-colitis, with and without AOM-induced tumors. In further studies, we determined the cytokine profile of lamina propria mononuclear cells (LPMCs) during chronic oxa-colitis with and without AOM-induced tumors by stimulating extracted LPMCs ex vivo with anti-CD3/CD28 antibody for evaluation of IL-13, IFN-γ, and IL-17 or with Staphylococcus aureus Cowan I plus IFN-γ for evaluation of TNF-α and IL-6 (see Methods). As shown in Figure 2A , we noted that LPMCs produced increasing amounts of IL-13 during the first 21 days of chronic oxa-colitis, which then was maintained at a high plateau for the duration of the colitis. LPMCs from mice with AOM-induced tumors displayed an identical IL-13 secretion pattern. However, as shown in Supplemental Figure 1 (supplemental material available online with this article; doi:10.1172/JCI42540DS1), LPMC secretion of IFN-γ declined after the first week of chronic oxa-colitis to levels below those in naive mice, whereas secretion of IL-17 rose steadily until reaching a plateau at about 56 days. LPMC secretion of TNF-α showed a peak during the initial 2 weeks of the colitis and remained slightly increased (compared with baseline) during the chronic phase of oxa-colitis. Importantly, this pattern of IFN-γ, IL-17A, and TNF-α secretion was also seen in LPMCs from mice with AOM-induced tumors. Finally, as shown in Supplemental Figure 1 , chronic oxa-colitis was associated with increased IL-33 expression, which peaked between days 7 and 28.
A different pattern emerged with respect to IL-6. Thus, as shown in Figure 2A , LPMCs from mice with oxa-colitis without AOM-induced tumors displayed only a modest increase in IL-6 secretion in the first week of colitis, which then persisted at this level. In contrast, while LPMCs from mice with oxa-colitis with tumors exhibited only a slight increase in IL-6 secretion in the first 2 weeks of colitis, after that time, it increased progressively to plateau at 5 weeks at a level at least 3-fold higher than the plateau of mice without tumors.
In further studies, to determine whether AOM-induced tumors were not only associated with increased IL-6 production but also dependent on such production, we determined the effect of IL-6 blockade by anti-IL-6 antibody administration on oxa-colitis inflammation and on tumor development. As shown in Figure 2B , administration of either anti-IL-6 antibody or control IgG (0.5 mg i.p. each week, starting on day 20) had no effect on the initial body weight loss, but anti-IL-6 antibody did attenuate the second phase of weight loss (which is likely due to mechanical ileus caused by intraluminal tumor). As shown in Figure 2 , C and D, these weight changes correlated with histology in that blockade of IL-6 did not lead to reduced inflammation or IL-13 production. Nonetheless, as shown in Figure 2E , inhibition of IL-6 led to a profound reduction in tumor formation and thus explained the ability of IL-6 blockade to abolish the second phase of weight loss. Furthermore, the intracellular expression pattern of β-catenin was not changed by the inhibition of IL-6, indicating that the latter cytokine does not influence early neoplastic changes in epithelial cells induced by AOM (Supplemental Figure 2) . Overall, these findings established that support of tumor formation in WT mice requires inflammation accompanied by production of IL-6.
NKT cells producing IL-13 drive chronic oxa-colitis. Previous work has
shown that NKT cells that produce IL-13 play an essential role in the pathogenesis of acute oxa-colitis (21) . To establish the role of these cells in chronic oxa-colitis, we first enumerated these cells by staining isolated LPMCs with fluorescent anti-CD4 antibody and CD1dαGalCer tetramer. As shown in Figure 3A , on day 7 of colitis, approximately 15% of CD4 + T cells were NKT cells, and this percentage steadily increased, so that on day 70, 25%-30% of CD4 + cells were NKT cells.
We next determined whether IL-13 blockade or depletion of NKT cells affected chronic oxa-colitis or AOM-induced tumor development. To achieve IL-13 blockade, we administered a plasmid-encoding soluble IL-13 receptor-α2-Fc fusion protein (pCI-sIL-13Rα 2 -Fc) or a control plasmid (pCI empty vector) by intranasal instillation every other day, starting on day 20 after initiation of chronic oxa-colitis (28, 29) . We verified that such intranasal administration of the sIL-13Rα 2 -Fc plasmid results in expression of sIL-13Rα 2 -Fc in colonic tissue by demonstrating that human Ig-Fc (a component of the plasmid product) is expressed in colonic tissue extracts after administration of the plasmid (data not shown). As shown in Figure 3B , blockade of IL-13 starting on day 20 of chronic oxa-colitis without AOM-induced tumors resulted in an increase in body weight in contrast to that of mice treated with control plasmid. As shown in Supplemental Figure 3A , a similar effect of intranasal sIL-13Rα 2 -Fc plasmid administration was seen in mice with chronic oxa-colitis and AOM-induced tumors. In this case, treatment reversed both the initial weight loss as well as the secondary weight loss seen in control-treated mice.
To achieve NKT cell depletion, we administered anti-CD1 antibody (0.5 mg i.p. each week, starting on day 20) to mice with chronic oxa-colitis. As shown in Figure 3C and Supplemental Figure 3B , such treatment also resulted in weight gain in both mice with chronic oxa-colitis and in mice with chronic oxa-colitis with tumors. As shown in Supplemental Figure 4 , the administration of anti-CD1 antibody led to an approximately 90% decrease in the number of CD4 + αGalCer-tetramer + NKT cells in the lamina propria as well as in the circulation but had no measurable effect on the total number of CD4 + T cells in these sites.
The effects of blockade of IL-13 and depletion of NKT cells were also manifest in histologic studies of both mice with oxacolitis without and with AOM-induced tumors. Thus, as shown in Figure 3D , whereas characteristic signs of inflammation (i.e., infiltration of inflammatory cells, epithelial cell disruption, and edematous swelling of the colon wall) were visible in histologic sections obtained on day 49 in mice administered control plasmid or control IgG starting on day 20, only slight inflammatory changes were noted in mice administered the sIL-13Rα 2 -Fc plasmid or anti-CD1 antibody. Therefore, inhibition of either IL-13 or NKT cells resulted in a reversal of the inflammation in both mouse groups.
Finally, as shown in Figure 3E , treatment with either sIL-13Rα 2 -Fc plasmid or anti-CD1 antibody reduced LPMC IL-13 production in both groups of mice. Since depletion of NKT cells led to decreased IL-13, these data confirm previous studies showing that IL-13 is being produced by NKT cells (3, 21) .
Reversal of oxa-colitis aborts tumor development in AOM-treated mice. As could be predicted from weight changes of mice with chronic oxa-colitis administered AOM, this treatment had an effect on tumor development. Thus, mice subjected to blockade of IL-13 or depletion of NKT cells showed greatly reduced numbers of tumor nodules on day 49 compared with animals receiving control reagents ( Figure 3F ). In addition, the size of each nodule was reduced. On day 49, the average tumor diameter of mice treated with IgG control was 3.5 ± 0.9 mm (25 tumors evaluated), that of mice treated with anti-CD1 antibody was 1.4 ± 0.5 mm (10 tumors evaluated), that of mice treated with pCI control plasmid was 3.7 ± 0.9 mm (25 tumors evaluated), and that of mice treated with pCI-sIL-13Rα 2 -Fc was 1.6 ± 0.6 mm (10 tumors evaluated).
Tumor formation is associated with the appearance of F4/80 + CD11b high Gr1 low macrophages producing tumor-supporting factors. The dependence of tumor growth on the presence of inflammation suggested that the latter was characterized by the presence of cells that support tumor growth. Based on a previous report that a particular macrophage subset supports pulmonary metastases arising from mammary carcinomas, we examined macrophage phenotype and function in isolated LPMCs of tumor-bearing and non-tumor-bearing mice with colitis (24) . As shown in Figure 4A , we found that the appearance of tumors in chronic oxa-colitis was closely accompanied by the coappearance of LPMCs containing a substantial subset of F4/80 + CD11b high Gr1 low macrophages (~35% of total CD11b high cells), whereas LPMCs of mice with chronic oxa-colitis not associated with tumor formation contained only a very low percentage of these cells (1%-2% of total CD11b high cells). In contrast, LPMCs from normal mice as well as mice with chronic oxa-colitis with and without tumors contained similar numbers of F4/80 + CD11b high Gr1 intermediate cells. Finally, LPMCs from mice with tumors contained a somewhat reduced number of F4/80 + CD11b high Gr1 high cells (granulocytes).
We next assessed production of tumor-supporting factors, such as IL-6 and EGF, by macrophage subsets. To this end, we first obtained F4/80 + CD11b high Gr1 low and F4/80 + CD11b high Gr1 intermediate subpopulations from LPMCs by cell sorting and then determined Il6 and Egf mRNA production by these subpopulations using realtime PCR. As shown in Figure 4B In a final series of studies along these lines, we investigated the impact of abrogation of oxa-colitis by the inhibition of IL-13 or NKT cells on LPMC IL-6 production. As shown in Figure 4C , IL-6 production by LPMCs in mice with oxa-colitis with AOM-induced tumors was much higher than that by LPMCs in mice with oxa-colitis without tumors, and in both cases, IL-6 production was significantly inhibited in mice after treatment of mice with the colitis-abrogating agents, anti-CD1 antibody and pCI-sIL-13Rα 2 -Fc (beginning on day 20). In addition, as shown in Figure 4D , such treatment led to decreased numbers of F4/80 + CD11b high Gr1 low macrophages in LPMCs and, as shown in Figure 4E , decreased production of Il6 and Egf mRNA by residual F4/80 + CD11b high Gr1 low macrophages.
Taken together, these data show that tumor growth in mice with oxa-colitis is associated with the presence of increased numbers of F4/80 + CD11b high Gr1 low cells that produce IL-6 and EGF. These data thus point out an important distinction between tumor formation in the oxa-colitis and DSS-colitis models: as shown in Supplemental Figure 7A , F4/80 + CD11b high Gr1 low cells were not present in the colons of mice with DSS-colitis with AOM-induced tumors, and, as shown in Supplemental Figure 7B , IL-13 levels in mice with DSS-colitis were quite low compared with those in mice with oxa-colitis on day 49 .
Impaired TLR signaling in Myd88 -/-mice leads to delayed but ultimately robust chronic oxa-colitis that supports AOM-induced tumor formation. In further studies, we examined the role of innate signaling in the development of oxa-colitis with the use of Myd88 -/-mice. As shown in Figure 5A , WT mice subjected to oxazolone administration lost more weight than Myd88 -/-mice during the first 3 weeks of colitis induction, but after that period the weight of mice in the 2 groups converged and was maintained at a plateau well below the starting weight. In contrast, whereas WT mice administered AOM displayed a biphasic weight loss (as seen before in Figure 1A ), Myd88 -/-mice administered AOM exhibited a weight loss pattern similar to that of WT mice not administered AOM.
These weight curves correlated with histologic studies of the colon. Thus, as shown in Supplemental Figure 8 , A and B, WT mice displayed severe inflammation in the initial phase of oxa-colitis, whereas Myd88 -/-mice showed only mild inflammation; however, in the ensuing weeks, the levels of inflammation in WT and Myd88 -/-mice were similar to those seen previously in chronic oxa-colitis. In addition, as also shown in Figure 5B , inflammation levels of WT or Myd88 -/-mice with oxa-colitis and administration of AOM again converged to a similar level of severity in the ensuing weeks. With respect to IL-13 levels, whereas Myd88 -/-mice had reduced IL-13 production as compared with that of WT mice in the early phase of oxa-colitis until day 14, Myd88 -/-mice showed similar levels of IL-13 production by LPMCs on day 35 and 56 ( Figure 5C and Supplemental Figure 8C) . Similarly, as shown in Figure 5D and Supplemental Figure  8D , NKT cell levels were only reduced in Myd88 -/-mice early in the course of disease. These data indicate that while oxa-colitis is delayed in Myd88 -/-mice, the latter ultimately develop full-blown oxa-colitis. The delay observed may be due to the fact that Myd88 -/-mice cannot mount a vigorous, increased IFN-γ response that characterizes very early chronic oxa-colitis in WT mice (data not shown).
Although mice with Myd88 deficiency developed full-blown chronic oxa-colitis after the first 3 weeks of oxazolone administration, they nevertheless exhibited a profound loss in the ability to support the development of AOM-induced tumors. Thus, as shown in Figure 5E , Myd88 -/-mice with oxa-colitis that had been administered AOM exhibited almost no tumor nodules on day 49, whereas WT mice developed the number of tumors seen in earlier studies. In addition, the size of each remaining nodule in Myd88 -/-mice was reduced: on day 49, the average tumor diameter of WT mice was 3.3 ± 0.8 mm (25 tumors evaluated) and that of Myd88 -/-mice was 1.3 ± 0.4 mm (10 tumors evaluated). Further observation of Myd88 -/-mice to 120 days after initial AOM administration revealed persistent reduction of tumor incidence and tumor size.
Relation of lack of tumor formation in Myd88 -/-mice to IL-6. To investigate the reason for the reduction in tumor formation in Myd88 -/-mice, we first determined whether the reduction could be related to an effect on IL-6 production. To this end, we reconstituted Myd88 -/-mice with "hyper-IL-6," an IL-6 preparation in which IL-6 is covalently linked to soluble IL-6 receptor (IL-6R) and which has previously been shown to exhibit heightened IL-6 signaling via "IL-6 trans-signaling" (14, 34-36). As shown in Figure 6A , the administration of hyper-IL-6 (2 μg i.p. each week, beginning on day 20) to Myd88 -/-mice with oxa-colitis and AOM administration resulted in a weight loss pattern similar to that of WT mice, which included a second phase of weight loss indicative of tumor growth and obstruction. In addition, as shown in Figure 6B , Myd88 -/-mice administered hyper-IL-6 exhibited even more tumor nodules in the colon on day 49 than WT mice. Myd88 -/-mice not administered hyper-IL-6 were almost completely free of tumors. On day 49, the average tumor diameter of WT mice was 3.8 ± 1 mm (25 tumors evaluated) , that of Myd88 -/-mice was 1.1 ± 0.3 mm (10 tumors evaluated), and that of Myd88 -/-mice with hyper-IL-6 treatment was 4.0 ± 0.6 mm (25 tumors evaluated). These data show that the failure of Myd88 -/-mice to support AOM-induced tumor growth is due, at least in part, to reduced IL-6 production. Parenthetically, they also show that such failure was not due to initially decreased inflammation, since the mice retained the ability to develop tumors once the deficiency in IL-6 secretion was corrected. As shown in Supplemental Figure 9 , the administration of recombinant IL-6, which is not capable of inducing IL-6 trans-signaling, also led to regained ability to manifest tumor growth; however, as expected, the extent of restoration with this material was slightly reduced in comparison with that obtained with hyper-IL-6, presumably due to its reduced signaling capacity relative to hyper-IL-6. In a second approach to exploring the reason for lack of tumor development in Myd88 -/-mice, we measured cytokine production by cells in WT and Myd88 -/-mice. As shown in Figure 6C , WT mice with oxa-colitis that had been administered AOM had cells producing increased IL-6, whereas Myd88 -/-mice did not. In contrast, as shown in Supplemental Figure 10 , while Myd88 -/-mice had cells producing slightly decreased amounts of TNF-α during the early phase of oxacolitis, on days 35 and 56 of colitis these mice produced TNF-α in amounts comparable to those of WT animals. In further studies along these lines, we determined the presence of F4/80 + CD11b high Gr1 low macrophages on day 49 during chronic oxa-colitis in WT and Myd88 -/-mice. As shown in Figure 6 , D and E, we found that while the inflammation in Myd88 -/-mice gave rise to the presence of only slightly reduced levels of F4/80 + CD11b high Gr1 low macrophages in the colons of mice with oxa-colitis on day 49, these macrophages produced greatly reduced amounts of Il6 and Egf mRNA. These data suggest that production of IL-6 and EGF by F4/80 + CD11b high Gr1 low macrophages is dependent on MyD88 signaling.
Since IL-1β-mediated stimulatory effects also depend on the adaptor protein MyD88, we also explored the possibility that impaired IL-1β signaling accounts for the lack of tumor formation in Myd88 -/-mice with chronic oxa-colitis and subject to AOM tumor induction. As shown in Supplemental Figure 11A , we found that F4/80 + CD11b high Gr1 low macrophages obtained from mice with oxa-colitis and tumors (on day 49 of colitis) do not produce IL-6 (above baseline) in response to IL-1β stimulation but do so in response to TLR4 and TLR2 stimulation, especially the latter. Furthermore, as shown in Supplemental Figure 11 , B and C, we found that in vivo administration of IL-1R1 antibody Figure 11D , the expression of IL-13 and IL-6 in mice with chronic oxa-colitis and tumors was not affected by anti-IL-1R1 administration. To determine whether IL-18, a cytokine affecting epithelial cell integrity, was involved in tumor formation, we measured IL-18 levels during the period of AOMinduced tumor development and maintenance. As shown in Supplemental Figure 12 , we found no differences in IL-18 expression in the intestines of mice with chronic inflammation and chronic inflammation with tumor growth. Thus, IL-18 production was likely not involved in tumor generation.
Relative effects of Myd88 deficiency in hematopoietic cells and nonhematopoietic cells on tumor formation.
To determine whether the effect of Myd88 deficiency on tumor formation was due to a defect in hematopoietic cells (i.e., macrophages) or nonhematopoietic cells (i.e., epithelial cells) or both types of cells, we generated BM chimeric mice that expressed Myd88 deficiency in either hematopoietic cells or nonhematopoietic cells. Chimerism was evaluated by the percentage of dsRed + CD45 + cells in spleens of chimeras 8 weeks after transplantation. As shown in Supplemental Figure 13 , we found that the degree of chimerism achieved in these studies was approximately 95%.
As shown in Figure 7 , A-C, the number of tumors in the Myd88 -/-→ WT chimeras was only modestly (but nevertheless significantly) greater than seen in Myd88 -/-→ Myd88 -/-mice, and tumor nodule diameter as well as F4/80 + CD11b high Gr1 low macrophage Il6 production in the 2 chimeras was similar. This indicates that hematopoietic (macrophage) loss of MyD88 signaling led to major loss of tumor-support function in spite of intact nonhematopoietic (epithelial cell) MyD88 signaling. On the other hand, the number of tumor nodules in WT → Myd88 -/-chimeras was modestly but significantly fewer than the number of tumor nodules than WT → WT mice; in addition tumor, diameter was lower and Il6 production by F4/80 + CD11b high Gr1 low macrophages was significantly decreased in the former chimeric mice. Thus, nonhematopoietic (epithelial) loss of MyD88 signaling had a clear effect on tumor growth, particularly as such signaling loss related to tumor nodule size. The most reasonable interpretation of the combined data is that tumor growth is most dependent on MyD88 signaling in macrophages but that MyD88 signaling in epithelial cells also contributes to such growth, particularly with respect to tumor nodule size. Finally, it should be noted that percentage of F4/80 + CD11b high Gr1 low cells in the lamina propria of WT and chimeric mice (including the Myd88 -/-→ Myd88 -/-chimeras) was similar, suggesting that the appearance of these cells in AOM-induced tumor formation is not dependent on MyD88 signaling ( Figure 7D) .
Tumor immunosurveillance in chronic oxa-colitis. In previous studies, it has been shown that CD8 + cytotoxic T cells specific for tumor cells limit tumor growth (immunosurveillance), but NKT cells producing IL-13 stimulate Gr-1 intermediate macrophages to produce TGF-β1, which blocks such cytotoxic cells (counter-immunosurveillance) (37) (38) (39) . In that NKT cells responsible for chronic oxa-colitis produce IL-13, we determined whether counter-immunosurveillance occurs during AOM-induced tumor formation associated with this form of colitis.
In initial studies to explore this possibility, we determined CD103 + CD8 + T cell levels in the colonic cell populations obtained from (tumor-prone) areas of colons in mice with chronic oxa-colitis without and with AOM-induced tumors at various time points. As shown in Figure 8A , cells from non-tumor-bearing colitic mice exhibit no CD103 + CD8 + T cells over the course of the colitis, whereas tumor-bearing colitic mice manifested a steadily increasing number of such cells. Since in previous studies interactions between cytotoxic CD8 + T cells bearing CD103 (α E β 7 ) and tumor cell targets is facilitated by expression of the CD103 ligand, E-cadherin, on the target cells, we next determined the expression level of E-cadherin on epithelial cells using immunohistochemistry (40) . As shown in Figure 8B , nontumorous colonic epithelial cells from mice with chronic oxa-colitis expressed only a basal level of E-cadherin, whereas tumor epithelial cells from mice with chronic oxacolitis with AOM injection expressed high levels of E-cadherin.
In further studies, we investigated the cytotoxic potential of CD103 + CD8 + T cells isolated from colonic tumor areas using (syngeneic) untransfected CT-26 colon epithelial tumor cells (without intrinsic E-cadherin expression) or CT-26 cells transfected with an E-cadherin-expressing plasmid and therefore expressing surface E-cadherin. As shown in Figure 8C , whereas the isolated CD103 + CD8 + T cells exhibited only minimal cytotoxicity for untransfected CT-26 cells, they exhibited substantial cytotoxicity for transfected (E-cadherinexpressing) CT-26 cells. In addition, cytotoxic killing of the E-cadherin + cells was inhibited by the addition of anti-CD103 antibody to the culture. Verification of the importance of the CD103/E-cadherin interaction to the cytotoxicity of the isolated cells came from studies in which (allogeneic) CMT93 colon cancer cells, which constitutively express E-cadherin, were used as target cells. While in this cytotoxicity assay the basal level of cytotoxicity was increased (presumably due to allogenicity), the addition of anti-CD103 antibody again significantly reduced cytotoxicity (data not shown). Finally, to determine whether the CD8 + T cells appearing in mice with oxa-colitis bearing tumors inhibit tumor growth, we assessed tumor expression in mice administered anti-CD8 antibody, resulting in an approximately 80% decrease in the number of CD8 + cells in the spleen (data not shown). While such treatment did not lead to a change in the number of tumors, as shown in Supplemental Figure 14 , it did lead to a significant increase in tumor nodule size. Thus, it was apparent that the CD8 + cells were exerting immunosurveillance of the tumors.
As alluded to above, the immunosurveillance exerted by CD103 + CD8 + cytotoxic T cells in the tumor tissue could potentially be neutralized by NKT cells producing IL-13 and inducing F4/80 + CD11b high Gr1 intermediate cells to produce TGF-β1, the latter a cell present in the lamina propria of mice with oxa-colitis in the presence or absence of tumors. We therefore performed cytotoxicity assays of E-cadherin-expressing CT-26 cells in the presence and absence of F4/80 + CD11b high Gr1 low and F4/80 + CD 11b high Gr1 intermediate cells isolated from tumor-bearing colonic tissue. As shown in Figure 8D Taken together, these data show that cytotoxic CD103 + CD8 + T cells, potentially capable of exerting immunosurveillance of tumor cells, do make their appearance in oxa-colitis with AOM-induced tumors and do limit tumor growth; however, the function of these cells is likely impeded by the presence of F4/80 + CD11b high Gr1 intermediate macrophages, which produce TGF-β1 and thereby inhibit the cytotoxic CD8 + T cells.
Myd88 -/-mice exhibit reduced CD8 + T cell cytotoxicity. As shown in Supplemental Figure 15A , in contrast to WT mice with oxa-colitis and AOM tumors, Myd88 -/-mice with oxa-colitis (and without AOM tumors) exhibited no increase in CD103 + CD8 + T cells in intestinal tissue (sampled on day 35 of colitis). In addition, as shown in Supplemental Figure 15B , the (largely CD103 -) CD8 + T cells obtained from these mice exhibited dramatically reduced (but still present) cytotoxicity toward E-cadherin + CT-26 cells. Importantly, this reduction in number and function of cytotoxic cells was not reversed by the administration of hyper-IL-6, an agent that restored the ability of the Myd88 -/-mice to support tumor growth. Finally, we determined whether the limited cytotoxicity of the CD8 + T cells for E-cadherin + CT-26 cells noted above could be suppressed by TGF-β1 produced by F4/80 + CD11b high Figure 15D ). Thus, Myd88 -/-mice lack both cytotoxic CD103 + CD8 + T cells that could mediate immunosurveillance of tumors as well as F4/80 + CD11b high Gr1 intermediate cells that produce sufficient TGF-β1 to inhibit the cytotoxic CD8 + T cells.
Discussion
Oxa-colitis is a murine model of human UC in that it bears a histologic resemblance to this disease and shares with it key immunological features (3, 5, 20, 21) . Until now, the oxa-colitis model available for study has been characterized by an acute, short-lived inflammation that could not be used to analyze some of the features of UC typically associated with longstanding disease, such as colon carcinoma (6) . Here, we describe a persistent form of oxacolitis induced in BALB/c mice by repeated intrarectal administration of oxazolone in ethanol that overcomes this problem and thus permits the use of this model to define specific features of the inflammatory milieu that favors tumor development. Chronic oxa-colitis begins as a severe inflammation and corresponding weight loss, which transforms into a chronic inflammation associated with a partial weight recovery. The inflammation is marked by the rapid increase in lamina propria cells producing IL-13 and the appearance of NKT cells, which are both immunologic features of acute oxa-colitis as well as UC. Evidence that the chronic inflammation is due to IL-13 production or NKT cells came from the fact that depletion of these elements leads to complete amelioration of the inflammation.
A major finding of this study is that chronic oxa-colitis supports epithelial tumor development induced by administration of AOM. Thus, when AOM-treated mice were examined 49 days after initia-tion of colitis, they exhibited tumor development, accompanied by reduced weight gain, and eventually intestinal obstruction by tumor growth. Importantly, tumor development was dependent on the presence of inflammation, since reversal of inflammation by IL-13 blockade or NKT cell depletion results in an almost tumor-free colon. These findings thus established that the Th2-like inflammatory milieu of oxa-colitis is equally capable of supporting induced tumor development as the more usually studied Th1/Th17 inflammatory milieu of DSS-colitis.
In subsequent studies to investigate the cytokines and cells involved in the support of tumor development, we found first that the cytokine profile of mice with oxa-colitis and tumors was the same as that of mice with colitis without tumors with one critical exception: the former group exhibited increased lamina propria IL-6 production. Based on prior reports that macrophages support the metastatic behavior of both pulmonary and mammary tumor metastases, our initial presumption was that this cytokine production difference was due to the macrophage profile of tumor-bearing mice (24, 41) . Indeed, we found that in parallel with the appearance of tumors, a particular subset of macrophages, F4/80 + CD11b high Gr1 low macrophages producing RNA characteristic of so-called M2 macrophages, were noted in the inflammatory infiltrate of mice with oxa-colitis administered AOM. Furthermore, we found that these macrophages produced high amounts of IL-6 as well as another tumor-supporting factor, EGF. Since the onset of increased IL-6 production by lamina propria cells in mice with oxa-colitis treated with AOM was first seen on day 21 of colitis, the increase tracked with the appearance of the F4/80 + CD11b high Gr1 low macrophages rather than the presence of activated T cells; it thus appears that these macrophages are a critical source of IL-6 and other tumor-supporting factors in the lamina propria of tumor-bearing mice. In addition, concomitant T cell production of this cytokine may be dependent on the presence of these F4/80 + CD11b high Gr1 low macrophages.
Previous studies have shown that macrophages that undergo alternative activation by exposure to Th2 cytokines (IL-4 and IL-13), so called M2 macrophages, promote tumor development by a variety of mechanisms (22, 23) . It has been shown, for instance, that F4/80 + CD11b high Gr1 low macrophages produce factors that support the metastatic growth of mammary tumors as a result of exposure to IL-4 or IL-13 produced by CD4 + T cells (24) . NKT cells are one recognized source of IL-13 for such macrophage activation, and it is thus possible that IL-13-producing NKT cells generated during oxa-colitis act on macrophages drawn into sites of tumor development to induce their differentiation into tumor-supporting cells. This concept, while highly logical, cannot be easily verified, since inhibition of IL-13 abolishes the underlying inflammation supporting tumor induction. It derives indirect support, however, from the fact that mice with DSS-colitis that express colonic tumors as a result of exposure to AOM have inflammatory infiltrates that are devoid of F4/80 + CD11b high Gr1 low macrophages and, concomitantly, produce only low amounts of IL-13.
Having shown that chronic oxa-colitis supports AOM-induced tumors, we conducted analyses of mice with Myd88 deficiency to identify cells and signaling pathways that underlie such support. These analyses were facilitated by the fact that while WT and Myd88 -/-mice develop a chronic oxa-colitis that is equivalent both in mechanism and severity, only the former supports AOMinduced tumors. Thus, in the case of oxa-colitis, inflammationsupporting MyD88-dependent mechanisms could be separated from tumor-supporting MyD88-dependent mechanisms.
Several previous studies have provided evidence that MyD88 signaling is necessary for inflammation-associated tumor formation, albeit not under circumstances that clearly separate the effects of such signaling on inflammation from that on tumor growth (19, (42) (43) (44) (45) . Thus, it has been shown that Apc MIN/+ Myd88 -/-mice exhibited reduced polyp formation and produced significantly less IL-6 when compared with Apc MIN/+ WT mice (42) . In addition, Abreu and coworkers showed that AOM-induced tumor formation in DSS-colitis depends on LPS stimulation of epithelial cells via TLR4 and subsequent epithelial cell production of various factors that support tumor growth (44) . On the other hand, in a recent report, Salcedo et al. showed that Myd88 deficiency was associated with increased AOM-induced tumor development in DSS-colitis, which in this case was characterized by both adenomas and infiltrating adenocarcinomas (46) . Analysis revealed that Myd88 deficiency led to decreased epithelial cell proliferation and increased apoptosis, which set the stage for the upregulation of genes associated with tissue renewal and repair; however, the latter did not compensate for the on-going epithelial cell injury, and a chronic epithelial cell disruption persisted accompanied by the upregulation of genes involved in colon tumorigenesis. Interestingly, a similar state occurred in Il18 -/-and Il18r1 -/-mice, strongly suggesting that a mainspring of the Myd88 deficiency effect was reduced production of IL-18, a cytokine that is involved in maintenance of epithelial cell homeostasis. The increased tumor formation in DSS-colitis does not necessarily conflict with the decreased tumor formation in oxa-colitis reported here, since the nature of the colitis under study in the 2 reports is vastly different. In particular, the primary process driving DSS-colitis is DSS-induced epithelial cell injury so that defects in epithelial cell repair processes caused by Myd88 deficiency leads to increased tumor formation, which is probably independent of MyD88-induced tumor-supporting factors. In oxa-colitis, the tissue damage is not centered on the epithelial cells and the latter undergo self-repair in spite of Myd88 deficiency; nevertheless, AOM causes neoplastic transformation in the epithelial cells, which then require MyD88-dependent processes to manifest actual tumor formation.
In our analysis of the relation of MyD88 signaling to tumor formation, we noted that WT mice and Myd88 -/-mice with oxa-colitis administered AOM are different in that lamina propria cells of WT mice but not Myd88 -/-mice produce increased amounts of IL-6. In addition, we found that the lamina propria of WT mice contains a F4/80 + CD11b high Gr1 low macrophage subset that produces high amounts of IL-6, whereas the Myd88 -/-F4/80 + CD11b high Gr1 low macrophage subset does not. Evidence that this difference explains the lack of tumor development in Myd88 -/-mice was obtained in our initial studies of WT mice with oxa-colitis, in which we showed that treatment of mice with anti-IL-6 antibody prevented tumor development, yet had no effect on the underlying intestinal inflammation. In later studies, we confirmed the role of IL-6 by showing that administration of IL-6 or hyper-IL-6 (i.e., IL-6 bound to anti-IL-6R and therefore capable of trans-signaling epithelial cells) restored the ability of Myd88 -/-mice to support AOM-induced tumor growth. These findings showing that deficient IL-6 production underlies the inability of Myd88 -/-mice to facilitate tumor development are supported by 2 previous studies of AOM-induced tumor development in DSS-colitis. First, Becker et al. have shown that AOMinduced tumors in DSS-colitis require IL-6 trans-signaling, i.e., signaling of tumor cells by an IL-6 complex consisting of tumor cell-derived soluble IL-6R bound to lymphoid cell-derived IL-6 (14); such IL-6 trans-signaling was required to induce Stat3 activation in tumor cells, since the latter express little if any membrane bound IL-6R. Second, Grivennikov et al. have shown that IL-6-deficient mice exhibit increased epithelial cell apoptosis and reduced AOM-induced tumors in DSS-colitis and that induction of Stat3 activation by IL-6 is critical to tumor cell growth (19) . In addition to these studies of mice, studies of humans with gastrointestinal neoplasia provide evidence of an importance of IL-6 in the support of tumor growth: several clinical studies of colon neoplasms show that serum levels of IL-6 are elevated in patients with colon cancer, and the amount of elevation correlates both with tumor size and the fact that IL-6 supports the growth of human colon cancer cells in vitro (47) (48) (49) .
The fact that IL-6 is necessary for AOM-induced tumor development does not imply that this factor is sufficient for such development. We found that EGF is also produced by F4/80 + CD11b high Gr1 low macrophages in mice exhibiting tumor formation and other tumor-supporting factors produced by these cells may also be identified in the future. These include some of the factors induced by TLR4 signaling identified by Abreu and coworkers such as COX2 and certain chemoattractants (13, 44, 50, 51) . However, since IL-6 alone was able to restore tumor formation in Myd88 -/-mice, it is likely that EGF and perhaps other tumorsupporting factors are "downstream" of IL-6. It should be noted that, inasmuch as IL-6 is clearly not the only tumor-supporting factor produced by F4/80 + CD11b high Gr1 low cells, this indicates that exclusive IL-6 production by these cells is not likely to be the only way in which these cells support tumor growth and that these cells play an important role even if it were shown that other lamina propria cells are also a source of IL-6 during tumor development.
The fact that F4/80 + CD11b high Gr1 low macrophage production of IL-6 is MyD88-dependent does not imply that signaling of TLR on macrophages is sufficient for IL-6 production. As alluded to above, work from Abreu et al. has shown that TLR4 signaling of epithelial cells is necessary for support of tumor formation in DSS-colitis, indicating that Myd88 deficiency can also operate at the level of epithelial cells (44) . Indeed, this possibility gains important additional support from our BM reconstitution studies, which showed that while loss of MyD88-dependent signaling in hematopoietic cells (i.e., macrophages) has a quantitative, more important effect on tumor growth than loss of such signaling in nonhematopoietic cells (i.e., epithelial cells), the latter also had a significant effect on tumor growth, particularly with respect to tumor size. A mechanism of epithelial cell participation in support of tumor growth was recently suggested by Kim et al., who showed that tumor cells produce a factor (versican) that acts as an endogenous TLR stimulant of macrophages to induce IL-6 production by the latter cells (41) . Thus, the idea that best fits the data at hand is that TLR signaling must occur in both epithelial cells and macrophages to obtain the full set of factors that support tumor growth.
In conclusion, these studies linking IL-6-producing F4/80 + CD11b high Gr1 low macrophages to the generation of intestinal tumors in a Th2-like experimental inflammation alert us to the possibility that a similar set of circumstances occurs in humans with longstanding UC who develop colonic cancer. It therefore will be valuable to determine whether patients with UC have increased numbers of such macrophages in the colonic mucosa and thus whether such macrophages can be a predictor of neoplastic development.
Methods
Mice. Female BALB/c mice (8 to 10 weeks old) were obtained from The Jackson Laboratory or from Charles River. BALB/c Myd88 -/-animals were provided by S. Akira (Osaka University, Osaka, Japan). The animals were then maintained in the holding facilities of the National Institute of Allergy and Infectious Diseases and the University of Regensburg under specific pathogen-free conditions. Institutional review boards for the NIH and the University of Regensburg reviewed and approved the present study, which was performed under the guidelines of the Guide for the Care and Use of Laboratory Animals. To generate BM chimeras, 6-week-old WT or Myd88 -/-recipient mice were irradiated with 10 Gy from a 137Cs source, delivered in 2 doses of 5 Gy each, 3 hours apart. BM cells were isolated from 6-to 8-week-old WT or Myd88 -/-donor mice by flushing the bone shafts of the femurs and tibias with RPMI, and 2.5 × 10 6 BM cells thus obtained were intravenously injected into the recipient mice 3 hours after the last irradiation. WT mice were transplanted with Myd88 -/-BM (Myd88 -/-→ WT), and Myd88 -/-mice were transplanted with WT BM (WT → Myd88 -/-). As controls, WT mice were transplanted with WT BM, and Myd88 -/-mice were transplanted with Myd88 -/-BM.
Induction of oxa-colitis. Mice were lightly anesthetized with isoflurane and then administered the haptenating agent oxazolone dissolved in ethanol intrarectally via a 3.5 French (F) catheter equipped with a 1-ml syringe; the catheter was advanced into the rectum until the tip was 4-cm proximal to the anal verge, at which time the haptenating agent was administered in a total volume of 150 μl. For chronic oxa-colitis, 2 mg oxazolone in 47.5% ethanol was administered every 7 days. To induce tumor development, mice received an initial i.p. injection of AOM 10 mg/kg shortly before the first oxazolone administration.
Construction of plasmids. For the pCI-sIL-13Rα2-Fc plasmid, first, IL-13Rα2 cDNA was inserted into the pCI-Mammalian Expression Vector (Promega). In the second step, the cDNA encoding for the Fc part of a human IgG was inserted after the IL-13Rα2 cDNA to connect both inserts, resulting in a soluble form of the IL-13Rα2. For the pCIneo-E-cadherin plasmid, E-cadherin was cloned from CMT93 cells and then inserted into the pCIneo-Mammalian Expression Vector (Promega).
Blockade of IL-13, IL-6, EGF, CD1, TGF-β1, and CD103. IL-13 blockade was achieved with a plasmid (100 μg in 20 μl PBS/mouse) encoding a soluble IL-13Rα2-Fc fusion protein (pCI-sIL-13Rα2-Fc) or a control plasmid (pCI empty vector) by intranasal instillation every other day, starting on day 20, after initiation of chronic oxa-colitis. Verification of transfection of the sIL-13Rα2-Fc plasmid was demonstrated by the expression of the human Ig-Fc (a component of the plasmid product) in colonic tissue extracts (data not shown). IL-6 blockade was accomplished by administration of neutralizing goat IgG anti-IL-6 antibody (R&D Systems) (500 μg once weekly, starting on day 20, after initiation of chronic oxa-colitis). EGF blockade was accomplished by administration of neutralizing goat IgG anti-EGF antibody (R&D Systems) (500 μg once weekly, starting on day 20, after initiation of chronic oxa-colitis). CD1 blockade was accomplished by administration of neutralizing rat IgG anti-CD1 antibody (clone 20H2) (ATCC) (500 μg once weekly, starting on day 20, after initiation of chronic oxa-colitis). Antibody treatment in vivo was performed once weekly, starting on day 20, after initiation of chronic oxa-colitis. For in vitro blockade of TGF-β1, a neutralizing rat IgG anti-TGF-β1 antibody was used. A rat IgG (Invitrogen) served as isotype control antibody. For in vitro blockade of CD103, a neutralizing rat IgG anti-CD103 antibody (R&D Systems) was used. Respective IgG (Invitrogen) served as isotype control antibody.
Hyper-IL-6. To induce IL-6 functions in vivo, hyper-IL-6 (IL-6/sIL-6R fusion protein) mice were injected i.p. with 2 μg hyper-IL-6 in 100 μl 1X PBS every week, starting on day 20 (14, 34-36, 52 ).
